Introduction
Linuron (3-(3,4-Dichlorophenyl)-1-methoxy -1-methylurea) (trade names include Afalon, Afalon Inuron, DuPont 326, Garnitan, Hoe 002810, Linex, etc.) is a substituted urea herbicide used to control annual and perennial broadleaf and grassy weeds on crop and noncrop sites. It is an odorless, white crystalline solid with a molecular weight of 249.11. Linuron is a selective herbicide which is most readily absorbed through the root system, accumulating and metabolizing differently in different plants. It is used as a pre-and a postemergent herbicide and works by inhibiting photosynthesis in target weed plants, causing them to lose color, wilt, and die. Susceptible plants transport linuron through the foliage, while tolerant plants can metabolize it into inactive products [1] . Linuron is labeled for use in soybean, cotton, potato, corn, bean, pea, winter wheat, asparagus, carrot, and fruit crops. It is also used on crops stored in warehouses and storerooms. In crops, linuron has low residual action and persistence. It has been used to treat annual weeds such as barnyard grass, common chickweed, corn spurry, crab grass, velvetleaf, fall panicum, foxtail, goosefoot, goose grass, groundsel, knotweed, lamb's-quarters, redroot pigweed, purslane, common ragweed, shepherd's-purse, smartweed, stinkweed, wild buckwheat, witch grass, wormseed mustard, triazine-resistant weeds and seedlings of dandelion, plantain and sow-thistle. Linuron is often used in formulations with other herbicides, insecticides and fungicides. In our study, linuron was combined with another herbicide, dimethenamid. Dimethenamid ((RS)-2-chloro-N-(2,4-dimethyl-3-thienyl)-N-(2-methoxy-1-methylethyl) acetamide) (trade name Frontier) is used for control of annual grasses and certain broadleaf weeds, primarily in corn and soybeans but also in dry beans, dry bulb onions and nonbearing grape vines. It belongs to the chemical class chloroacetamide. When applied as a pre-emergent or early post-emergent treatment, this herbicide is active against germinating broadleaf and grass weeds, being taken up through the coleoptiles (grass seedlings) or the roots and emerging shoots (dicotyledonous seedlings), reducing cell division and growth. Sensitive weeds are green and yellow foxtail, barnyard grass, fall panicum, witch grass, large and smooth crab grass, redroot pigweed and eastern black nightshade and tall waterhemp.
Under field conditions, herbicides could be completely degraded due to microbial decomposition and subjected to photodecomposition under the influence of UV light and ozone [2] . According to Somich et al. [3] [4] . Antioxidant defence systems have to be part of aerobic metabolism to counteract oxidative damage from ROS. This includes antioxidant enzymes such as superoxide dismutase (SOD, EC 1.15.1.1), catalase (Cat, EC 1.11.1.6) and different kinds of plant peroxidases, as well as some non-enzymatic antioxidants such as glutathione, tocopherols, carotenoids, ascorbate, flavonoids and other phenolic compounds [5, 6] .
The influence of linuron and dimethenamid on different antioxidant systems in weeds is so far insufficiently investigated. Therefore, the aim of this study was to determine the effect of herbicide formulation on the ROS content, antioxidant enzymes activities and non-enzymatic plant antioxidants in different weeds, and soybean plants.
Experimental Procedures
The Serbian high productive soybean [Glycine max (L.) Merr.] cultivar Sava was used for the experiment together with four important weed species commonly growing in soybean fields: Ambrosia artemisiifolia L., Chenopodium album L., Convolvulus arvensis L and Sinapis arvensis L. Soybean and weed plants were grown on experimental fields at the Institute for Field and Vegetable Crops, near Novi Sad, in May 2006. Experimental field was divided in two blocks -one treated with herbicide formulation (Afalon, active compound linuron 2 L ha -1 + Frontier, active compound dimethenamid 1.25 L ha -1 ). The nontreated one was used as a control. The trial was set in four replicates. Herbicide formulation was applied the after sowing of plants, as pre-emergent treatment. Leaves from 21-day-old plants were collected for the biochemical assays.
Superoxide radical level was determined by the inhibition of adrenaline autooxidation [7] . Hydroxyl radical was measured by the inhibition of deoxyribose degradation [8] . The lipid peroxidation (LP) was measured as MDA production at 532 nm with thiobarbituric acid (TBA) [9] . The GSH quantity was determined with Elman reagent [10] .
One gram of fresh plant material was homogenized with 5 cm 3 0.1 M K 2 HPO 4 at pH 7.0. After centrifugation for 10 min at 4 o C and 15 000 g the supernatant was used for enzyme activity meaurements. SOD activity was determined by the method of Misra and Fridovich [7] , based on the autocatalytic transformation of epinephrine-adrenochrome at pH 10.2. Cat activity was measured using the method of Simon et al. [11] .
Total phenols were extracted and determined from one g of air-dried and pulverized plant material. Their content was determined spectrophotometrically at 720 nm after reaction with Folin-Ciocalteu reagent using (+)-catechine for the standard curve. The total amount of soluble phenols was expressed as mg catechine g -1 dry matter [12] .
1,1-Diphenyl-2-picrylhydrazyl (DPPH) can produce stable free radicals in ethanolic (EtOH) solution. Due to its odd electron, DPPH strongly absorbs at 517 nm (deep violet color). In order to evaluate the antioxidant potency through free radical scavenging by test samples, the change of optical density between test samples containing plant extracts and blank (without plant extracts) was assessed to evaluate the antioxidant potential of test samples [13, 14] .
Results were expressed as mean ± standard error of mean (SEM) and represent the average of three experiments. The obtained results were analyzed using analysis of variance. The least significant difference (LSD) values at P = 0.05 were calculated.
Results and Discussion
Our investigation shows that the plant species examined were partially susceptible to the action of toxic oxygen species. In addition to normal metabolic activity, ROS can result from cellular exposure to various environmental stimuli [15] . Factors such as herbicides (e.g. paraquat, diquat, metolachlor, alachlor), UV light and other forms of radiation, pathogens, certain injuries, temperature fluctuations, and other stresses are known to induce ROS formation in most aerobic organisms. ROS, such as . OH, in the leaves of A. artemisiifolia, C. album and C. arvensis were produced in larger quantities after herbicide treatment, as well as O 2 .-in C. album (Figure 1 ). Other authors also report increase in O 2 .-quantity in some other weed plants after treatment with atrazine -in Echinochloa cruss-galli (155% compared to control), Datura stramonium (70%) and Amaranthus retroflexus (67%) leaves, and Setaria viridis (105%) roots [16] . Contrary to this, in S. arvensis a decrease in ROS quantities has been established, probably due to antioxidant enzyme SOD, which activity was high both in control and treated plants (Figure 2) . Lipid peroxidation (LP) level has not significantly changed in A. artemisiifolia and S. arvensis specimen after treatment with herbicide formulation (Figure 1) . In other weed specimen MDA quantity increased after treatment, especially in C. album (from 122.3 to 322.1 nmol g -1 fresh material and C. arvensis (from 59.7 to 135.6 nmol g -1 fr.m.). Previous experiments [17] [18] [19] provided evidence of an association between LP and diferent types of oxidative stresses in soybean, cabbage and wheat. This means that ROS may react with unsaturated fatty acids of cell membranes both in seeds and leaves, which results in different degrees of peroxidation. MDA, being the main end-product of LP, can cause the cross-linking and polymerisation of membrane components. Owing to its diffusibility it can also react with free amino groups in protein and DNA bases. Our results suggest that A. artemisiifolia and S. arvensis, as well as soybean genotypes are more tolerant to the harmful effect of toxic oxygen species. None of these specimens showed a significant increase in LP intensity after herbicide treatment.
The results obtained show significant differences in antioxidant enzyme activity among plants treated with herbicides. They differed compared to control as well. The total SOD activity ranged from 236.6 to 1190.6 U g -1 fr.m. (Figure 2 ). The highest activities were recorded in treated specimen of C. album and S. arvensis, while the least was in A. artemisiifolia control specimen. The SOD activity increased in all weed plants investigated after herbicide formulation application. This increase ranged from 11.4% (S. arvensis) to 60.3% in (A. artemisiifolia), compared to the control. This is in agreement with findings of other authors who also reported an increase in SOD activity in plants under oxidative stress [20, 15] . In soybean plants in our experiment a decrease in SOD activity was recorded, from 875.17 to 588.3 U g -1 fr.m. There are also reports suggesting both an increase in various antioxidant systems as well as a decrease in the activity of these enzymes, during senescence [21] , pathogen invasion [22] or herbicide treatments [2] . Similar response was observed in weeds treated with herbicide formulation for Cat activites. In C. album an increase in Cat activities was recorded while in C. arvensis and S. arvensis enzyme activities were significantly lower compared to the control.
Results obtained for the SOD activities in A. artemisiifolia and S. arvensis in our experiment correlate with the results obtained for the O 2 .-quantity and LP intensity (Figure 1) . SOD is an inducible enzyme and higher quantities of superoxide radical thus induce enzyme activity. Intensive reaction of dismutation where Control Treated O 2 .-is being removed, consequently led to lower MDA quantity in leaves of these plants. The role of SOD in development of plant resistance to toxic action of herbicides is greatly dependent on plant species. It has been shown that in some weed biotypes resistance can be associated with the increased SOD and other antioxidant enzymes activities, compared to a sensitive biotype [16] . Contrary to this, in some other resistant plant species the change in SOD activity has not been established. According to our experimental data the effect of increased SOD activities occurred in all weed species examined which may point to presence of some limited resistance to herbicides applied. At the same time, in spite of the enhanced activity of SOD in C. album, the rate of LP increased. This means that the scavenging system against ROS is less effective in some plants, and the activity of SOD is not enough to prevent oxidative damage, which is in agreement with the findings of other authors [23] .
The tripeptide glutathione (γ-Glu-Cys-Gly) is involved in many aspects of metabolism: removal of hydroperoxides, protection from ionizing radiation, maintenance of the sulfhydryl status of proteins, complexation of xenobiotic or endogenous reactive compounds, aiding in their detoxification and elimination etc. [24] . High content of GSH in plants investigated (7.34-15 .04 µmol GSH g -1 fr.m.) ( Figure 3 ) points to its great importance in detoxification of herbicide-induced production of ROS. Comparing the results obtained for GSH content differences among examined plants have been established. Beside soybean genotype, weed plant C. album also showed an increase in GSH content after herbicide treatment. This was expected since the main detoxifying path for the most of herbicides in plants is their conjugation with the GSH. This ability has not been established in other examined weeds. It seems that pronounced SOD activity, but also enhanced constitutional level of GSH recorded in these weeds was enough to cope with ROS present in plant leaves. 
Control Treated
Antioxidant mechanisms in plants comprises both enzymatic and non-enzymatic defence systems. Among non-enzymatic systems plant phenols play distinctive role. Total phenol content, alone or in combination with other phenolic constituents, could compensate, partially or completely, for lower activity of antioxidant enzymes [25] . In our experiment, the increase in total phenol accumulation after herbicide treatment was recorded in soybean (43.0% compared to control), A. artemisiifolia (21.1%) and S. arvensis (6.0%) (Figure 3 ). In C. arvensis, which had the highest constitutional level of these compounds -4.12 mg catechine 100 g -1 d. m., and C. album, total phenol content was similar to control. Ability of soybean and A. artemisiifolia to accumulate phenolic compounds under conditions of oxidative stress demonstrate their higher capability to counteract the negative effects of herbicides. This is also in agreement with the results obtained for the DPPH-free radical scavenging activity ( Figure 3 ). DPPH-free radical scavenging activity is a measure of non-enzymatic antioxidant activity. Higher levels of DPPH activity have been correlated with increased tolerance to different negative environmental stimuli [5] . In all plant species investigated an increase in scavenging activity was established, being highest in soybean and A. artemisiifolia specimen, which is in correlation with their total phenol content.
Conclusions
On the basis of our results several conclusions could be drawn: 1) investigated plants expressed different antioxidant systems in response to herbicide treatment; 2) enzymatic and non-enzymatic protective mechanisms are complementary; there are plants with lower antioxidant enzyme activities, that express a higher content of GSH and/or total phenols; 3) some weeds showed distinctive and combined activity of several biochemical parameters, such as A. artemisiifolia. This invasive weed species is spreading throughout regions of Europe and is becoming a significant problem for farmers and human health in general. Results obtained for antioxidant properties of this species could partially explain its biological viability and ecological success. Further monitoring of antioxidant status of this plant, along with other weed species growing in the region is necessary.
